Abstract: Tomato yellow leaf curl virus (TYLCV), belonging to the genus Begomovirus of the family Geminiviridae, is emerging as the most destructive pathogen of tomato plants. Since the first report of TYLCV in Shanghai, China in 2006, TYLCV has spread rapidly to 13 provinces or autonomous regions of China. In this study, the molecular variability and evolution of TYLCV were monitored in Shanghai from its first upsurge in 2006 until 2010. Full-length genomic sequences of 26 isolates were obtained by rolling circle amplification. Sequence analysis showed that the intergenic region was the most variable, with a mean mutation rate of 4.81×10 −3 nucleotide substitutions per site per year. Genetic differentiation was found within isolates obtained from 2006, 2009, and 2010, though a linear increase in genetic diversity over time was not evident. Whilst significant parts of TYLCV genes were under negative selection, the C4 gene embedded entirely within the C1 gene had a tendency to undergo positive selection. Our results indicate that a mechanism of independent evolution of overlapping regions could apply to the natural population of TYLCV in Shanghai, China.
Introduction
Geminiviruses are a group of circular, singlestranded DNA viruses that cause devastating diseases worldwide. Four genera (Mastrevirus, Begomovirus, Curtovirus, and Topocuvirus) have been taxonomically classified within the family Geminiviridae, with the genus Begomovirus being the largest, containing more than 200 species. Earlier studies have demonstrated that mutation, recombination, and pseudorecombination are the major contributory factors driving the emergence of begomovirus variants (Czosnek and Ghanim, 2011) . Although geminiviruses depend on host DNA polymerase for replication, mutation occurs frequently in geminivirus genomes and progeny populations of high variability can be generated in a short period of time. Mean rates of 1.60×10 −3 and 1.33×10 −4 nucleotide substitutions per site per year (subs/site/year) have been estimated for the DNA-A and DNA-B components, respectively, of the East African cassava mosaic virus (EACMV) (Duffy and Holmes, 2009) . Similar rates of substitution have also been reported for artificially inoculated hosts (Ge et al., 2007) . It is now clear that geminiviruses evolve as rapidly as many RNA viruses, but only a few reports estimate the time required to generate such levels of genetic variability.
Tomato yellow leaf curl virus (TYLCV) is a monopartite begomovirus belonging to the genus Begomovirus, and is transmitted by the whitefly Bemisia tabaci in a circulative and persistent manner. The genome of TYLCV encodes two partially overlapping genes in the viral strand: V1 encodes a coat protein, and V2 encodes a precoat protein and acts as a suppressor of RNA silencing (Glick et al., 2008; Jiang et al., 2012) . The complementary strand of TYLCV encodes four proteins: a replication-associated protein (C1/Rep), a transcriptional activator protein (C2/ TrAP), a replication enhancer protein (C3/REn), and protein C4, which is entirely embedded in the C1 gene, but has a different reading frame. Open reading frames (ORFs) are organized bi-directionally and are separated by an intergenic region (IR) which serves as the origin of viral replication and as a bi-directional promoter (Hanley-Bowdoin et al., 1999) .
Tomato yellow leaf curl disease (TYLCD) caused by TYLCV is becoming the most destructive disease in tomato plants (Moriones and NavasCastillo, 2000) . Plants infected by TYLCV during the early growth stages frequently suffer yield losses of up to 100%. Although tomato plants in Middle East countries have been severely affected by TYLCV only since the 1960s, the first report of damage caused by this disease dates back to 1931 in Israel (Cohen and Antignus, 1994) . Since then, epidemics have emerged and devastated tomato crops rapidly and widely. TYLCV was first reported in Shanghai, China in 2006 (Wu et al., 2006) , and it has since spread rapidly to 13 provinces or autonomous regions of China, including Guangdong, Zhejiang, Jiangsu, Anhui, Shandong, Hebei, Henan, Beijing, Tianjin, Shanxi, Shaanxi, and Inner Mongolia and Xinjiang Uygur Autonomous Regions (Zhang et al., 2009) . Since no other begomoviruses had been detected in Shanghai before 2006, the rapid spread of TYLCV provided a great opportunity to understand the evolution of a plant DNA virus soon after its first introduction to a new area. Twenty-six TYLCV isolates were collected from the same area of Shanghai during 2006-2010. Full-length genomic sequencing allows for a more comprehensive analysis of virus variability and of the different forces driving the evolution of TYLCV.
Materials and methods

Collection of TYLCV-infected tomato plants
Twenty-six tomato plants (cultivar Pufen 1, formerly called 98-8) with typical TYLCV symptoms (leaf curling, yellowing, and stunted growth) were collected from Shanghai from 2006 to 2010. TYLCV isolates were named after the year in which they were collected (Table 1) .
Genomic DNA extraction and detection of TYLCV
Total genomic DNA was extracted from 0.5 g of leaf tissue using the cetyltrimethylammonium bromide (CTAB) method (Zhou et al., 2001) . After washing in 70% ethanol, the DNA pellets were dried at room temperature and re-suspended in about 200 μl of distilled water. Primers TYLCV/F (5'-GAGC TCTTAGCTGCCTGAATGTTC-3') and TYLCV/R (5'-GAGCTCAACAGATGTCAAGACCTAC-3'), which were expected to specifically amplify a 2.8-kb fragment of TYLCV, were used to detect TYLCV infection.
Isolation, cloning, and sequencing of fulllength genomes
Rolling circle amplification (RCA) based on the phi29 DNA polymerase available in the TempliPhi kit (GE Healthcare, UK) was used to amplify circular (Guo et al., 2009) . The amplified DNA concatemers (5 l) were cleaved with SacI to generate full-length viral fragments, which were subsequently inserted into linearized pGEM-7Zf+ (Promega, Madison, WI). About five independent clones from each sample were randomly chosen for sequencing by an automated model 3730 DNA sequencer (PerkinElmer, USA) using M13 forward and reverse primers and a pair of walking primers, TYLCV-W/F (5'-TCT GCAATCCAGGACCTACC-3') and TYLCV-W/R (5'-AGTCTATCTTGCAATATGTG-3'). Sequences were assembled and edited using EditSeq (Lasergene Package of Programs from DNASTAR Inc.). The fidelity of phi29 DNA polymerase was predetermined by sequencing 20 individual clones generated directly from the TYLCV infectious clone using this enzyme during the initial amplification trials, and the mutation frequency was estimated to be 1.8×10 −5 .
Sequence analysis
The circular genomic sequences were arranged to begin at the nick-site in the invariant nonanucleotide sequence at the origin of replication (TAA TATT-3'/5'-AC) (Padidam et al., 1995) . Multiple sequence alignment was generated with the aid of ClustalX 1.83 (Thompson et al., 2002) . The level of genetic variation was calculated by estimating Watterson's estimator of θ and the average number of nucleotide differences per site between two sequences (Pi) using DnaSP v5 (Guo et al., 2008; Librado and Rozas, 2009 ). The ratio of pairwise nonsynonymous (d n ) to synonymous (d s ) nucleotide substitutions per site, was estimated using the Pamilo-Bianchi-Li method implemented in MEGA 5 (Tamura et al., 2011) . Confidence estimates for nonsynonymous and synonymous nucleotide substitutions were assessed by the bootstrap method based on 100 replicates. The extent of mutational bias and the number of unambiguous nucleotide changes of each type were calculated by MEGA 5 (Tamura et al., 2011) . Genetic distances within and between subpopulations were calculated by applying Kimura's two-parameter method in MEGA 5 (Tamura et al., 2011) . Evolutionary constraints acting on the overlapping regions were assessed using entropy values and BioEdit software (Hall, 1999) . Cumulative synonymous and nonsynonymous mutations were determined using Synonymous Non-synonymous Analysis Program (SNAP) (http://www.hiv.lanl.gov/content/sequence/ SNAP/SNAP.html) as described by Korber (2002) and Melgarejo et al. (2013) .
Results
Symptom observation and detection of TYLCV
From 2006 to 2010, a total of 26 samples were obtained from surveys conducted once a year in Shanghai, China. All the plants sampled showed typical TYLCV symptoms, such as leaf curling, yellowing, and stunted growth (Fig. 1a) . The specific 2.8-kb DNA fragment was amplified by polymerase chain reaction (PCR) from all the samples using primers TYLCV/F and TYLCV/R (Fig. 1b) , indicating that these symptomatic tomato plants were infected by TYLCV. To obtain the complete nucleotide sequence of each of the 26 isolates, RCA followed by SacI digestion of the DNA concatemers was performed to obtain the full-length viral fragment (Fig. 1d ). About five independent clones from each sample were chosen to be sequenced and were found to be 2781 nucleotides (nts) long with a genomic organization typical of begomoviruses (Fig. 1c ).
Molecular variation of the TYLCV genome
To evaluate the extent of TYLCV variation, the mean pairwise diversity index π and the Watterson parameter θ were calculated at all sites along the TYLCV genome by DnaSP Version 5.0 (Fig. 2) . Using a sliding window of 100 nts with a 25-step size, we found that while the overall variability for the TYLCV genome was below 3% at the nucleotide level, distribution patterns were uneven. The peak of variability was located within the intergenic region and 5'-terminal part of V2, whereas the most conserved regions were located in the overlapping regions of V1 and V2. Estimation of the average mutation rate showed that the mutation rate of the full-length TYLCV genome reached 1.69×10
−3 subs/site/year (Table 2) , which is within the ranges for RNA viruses and EACMV (Jenkins et al., 2002; Duffy and Holmes, 2009) . Further analysis showed that the substitution rate was even higher for the intergenic region, with a substitution rate of 4.81×10 −3 subs/site/year. Rates of 
1.36×10
−3 * Genetic distance: the numbers of base substitutions per site from averaging over all sequence pairs; data are shown as mean±standard error (n=100), obtained by a bootstrap procedure. The analyses were conducted using the Kimura's two-parameter model nucleotide substitution were also higher in the genes (C1, C2, C3, and C4) encoded on the complementary strand than those (V1 and V2) encoded on the virion strand (Table 2 ). Statistical tests revealed that the substitution rates estimated for the natural population of TYLCV were significantly higher than those generated from RCA error (1.8×10 −5 ). These results indicate that the intergenic region had evolved significantly faster than the other ORFs.
To reveal further the process shaping TYLCV evolution, we tested whether specific kinds of mutational changes were overrepresented in the natural population of TYLCV. Our results showed that the shifts from C to T, T to C, G to A, and G to T were overrepresented relative to other kinds of mutational changes. These kinds of mutations constituted 62% of the mutations. However, the transversions of A to C, T to A, and C to G appeared to be underrepresented, constituting only about 10% of the mutations (Table 3) . Therefore, these results indicate that transition biases exist in the evolution of TYLCV. These biases favor a shift from CG to AT genome content, especially with a bias in C to T and G to A transitions.
Genetic distances between subpopulations of TYLCV
Genetic distance refers to the average number of nucleotide substitutions between two randomly selected sequences in a population, and can be used to evaluate the genetic variation of a virus population. Using the Kimura's two-parameter method, the mean genetic distances for the intergenic region and individual ORFs ranged from 0.005 to 0.023. Although the individual ORFs of the TYLCV genome presented similar genetic distances, the mean values for the intergenic region showed the highest genetic distances (Table 2 ). To understand better the genetic variation of the 26 isolates, the full-length genomic sequences were divided into several subgroups according to the year of collection. Analysis showed that the highest genetic distance was found for the intergenic region (IR) within subgroups (Table 4) . Although we did not observe a quasi-linear increase in genetic diversity across years, calculation of the F st , the coefficient used to evaluate the extent of genetic differentiation or the gene flow between two populations, showed that the values of (Table 5) . 
Selection constraints acting on TYLCV genes
Pairwise genetic differences at the synonymous (d s ) and nonsynonymous (d n ) nucleotide positions were estimated according to the Pamilo-Bianchi-Li method. The ratio between nucleotide diversity values in nonsynonymous and synonymous positions (d n /d s ) (Table 6 ) provides an estimation of the degree and direction of the selective constraints acting on the coding regions of TYLCV. Overall, the values of the d n /d s ratio for the V1, V2, C1, and C2 genes were markedly low (0.154-0.44), indicating that these genes are under negative selection. However, the ratios of d n /d s for the C3 and C4 genes were greater than 1. This was probably due to the overlapping regions of C3-C2 and C4-C1, respectively. In the overlapping, frame-shifted C1/C4 region of TYLCV, the first nucleotide position in the C1 codons corresponds to the third position in the C4 codons (C1-1/C4-3), the second position in the C1 codons corresponds to the first position in the C4 codons (C1-2/C4-1), and the third position in the C1 codons corresponds to the second position in the C4 codons (C1-3/C4-2) (Fig. 3a) . Independent evolution of overlapping genes has been described for several viruses, with one of the two overlapping genes being subjected to negative selection, while the other is subjected to positive selection. To evaluate the variation between C1 and C4, entropy values for individual amino acids and nucleotides were determined using the BioEdit software. The amino acid changes in the Rep protein were largely determined by nucleotide mutations at the C1-1/C4-3 sites, whereas those in the C4 protein were primarily caused by mutations at the C1-3/C4-2 sites (Fig. 3b) . Furthermore, mutations at the C1-2/C4-1 sites, which would affect the amino acid sequences of both the Rep and C4 proteins, were rare. Cumulative synonymous and nonsynonymous mutations plotted using SNAP showed that the C1 gene accumulated more synonymous mutations, while the C4 gene accumulated more nonsynonymous mutations (Fig. 3c) . Taken together, these results revealed that the overlapping regions of C1 and C4 are under evolutionary constraints, allowing for more rapid evolution of the C4 protein while minimizing amino acid changes in the conserved Rep protein.
Discussion
Before 2006, no begomovirus or TYLCV had been detected in Shanghai. Due to the rapid introduction and severe outbreak of the Q biotype of whitefly in China, TYLCV has now moved to several provinces of China, causing unprecedented economic losses, especially in tomato plants. Prior to this field survey, no other competitive begomovirus had been described in Shanghai. This epidemiological situation provides a great opportunity to investigate the genetic structure and evolution of TYLCV following its introduction into a new region.
This study analyzed the genetic variability of 26 TYLCV isolates collected from Shanghai over a five-year period. Analysis of the full-length genomic DNA sequences revealed that the level of genetic variation observed in the natural population of TYLCV (1.69×10 -3 subs/site/year) was similar to that found in RNA viruses Simmons et al., 2008; . These and other results suggest that a considerable amount of sequence variation occurs within and between populations of geminiviruses, challenging the view that RNA viruses are prone to higher mutation rates than DNA viruses (Domingo and Holland, 1997; Roossinck, 1997; Isnard et al., 1998; Sanz et al., 1999) . It has been speculated that the high mutation rate of geminivirus genomes is in part due to improper methylation patterns occurring during their replication (Ge et al., 2007; . However, recent studies have shown that geminivirus genomes are subjected to DNA methylation in infected host plants (Raja et al., 2008; Yang et al., 2011; Zhang et al., 2011) . Thus, it is possible that base-excision repair may not act on geminivirus genomes because the double-stranded state lasts for a very short time during rolling circle replication. The high mutation rate is also probably in part due to base deamination occurring spontaneously or by the action of deaminating host enzymes van der Walt et al., 2008) . This may be supported by the observation of C to T transition biases in this study. Indeed, previous studies have also revealed the same transition biases as our genomic analysis (Ge et al., 2007; ). Although we did not observe a significant quasilinear increase in genetic diversity across years, we found frequent gene flow between isolates obtained from the years 2006, 2009, and 2010 . As was reported for TYLCV surveyed in an insular environment, the amount of mutations analyzed in this study was greater than that found in tomato yellow leaf curl Sardinia virus (TYLCSV) over an eight-year period, using a single-strand conformation polymorphism technique (Sanchez-Campos et al., 2002; Delatte et al., 2007) . This discrepancy might be explained by the different techniques used. The RCA technique used in this study has revolutionized the diagnosis and genomics of geminiviruses, allowing for a more efficient and reliable way to obtain full-length geminivirus DNA (Haible et al., 2006) . Our results also indicated that the mutation rate detected in the natural TYLCV population was greater than that caused by phi29 DNA polymerase and sequencing errors. Alternatively, this discrepancy might also come from the viruses used. It seems that TYLCV causes more severe damage to crop production, as surveys conducted between 1996 and 1998 in Málaga showed a progressive displacement of TYLCSV by TYLCV (Sanchez-Campos et al., 1999) . Indeed, since the first introduction of TYLCV into China, it has become the most prevalent begomovirus in China. Estimation of nucleotide diversities using the ratio between nonsynonymous and synonymous positions (d n /d s ) suggested that V1, V2, C1, and C2 were more tolerant to amino acid changes than C3 and C4. Among all the coding regions analyzed, the C4 gene embedded in the C1 gene appeared to be the most flexible and might be subjected to positive selection. We demonstrated that the evolution of the overlapping C1 and C4 genes occurs primarily via C1-1/C4-3 and C1-3/C4-2 sites, respectively, and mutations at the C1-2/C4-1 sites, which were most likely to alter the amino acid sequences of both the Rep and C1 proteins, were rare. Further SNAP analysis showed that positions in the C-terminal of the C4 gene, which were under positive selection, were subjected to purifying selection in the overlapping region of the C1 gene. Indeed, a similar phenomenon has been demonstrated for the evolution of tomato leaf deformation virus, an indigenous new world (NW) monopartite begomovirus emerging from the DNA-A component of an NW bipartite progenitor (Melgarejo et al., 2013) . We speculated that this would be correlated with the function of the C4 protein. Compared to the conserved Rep protein, the functions of the C4 protein are more divergent among monopartite and bipartite begomoviruses. For monopartite begomoviruses, C4 is a pathogenicity determinant that is involved in movement and suppression of host defense responses, whereas the homologues of C4 encoded by most NW begomoviruses do not play a role in pathogenicity. This strategy, which allows viruses to condense a maximal amount of information into short genomes, has been widely used by a number of animal and plant-infecting viruses (Zaaijer et al., 2007) . Given the rapid spread of TYLCV in China, it will be interesting to monitor the evolutionary constraints in vivo in experimentally infected tomato plants.
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